Electromagnetic radiation is strongly absorbed by a magnetized plasma if the radiation frequency equals the cyclotron frequency of plasma electrons. It is demonstrated that absorption can be completely canceled in the presence of a magnetostatic field of an undulator, or a second radiation beam, resulting in plasma transparency at the cyclotron frequency. This effect is reminiscent of the electromagnetically induced transparency (EIT) of three-level atomic systems, except that it occurs in a completely classical plasma. Unlike the atomic systems, where all the excited levels required for EIT exist in each atom, this classical EIT requires the excitation of nonlocal plasma oscillation. A Lagrangian description was used to elucidate the physics of the plasma transparency and control of group and phase velocity. This control leads to applications for electromagnetic pulse compression and electron/ion acceleration. Electromagnetically induced transparency (EIT) in quantum-mechanical atomic systems is a well understood and thoroughly studied [1] subject. EIT is the basis of several applications, such as slow light [2] and information transfer between matter and light [3] . Several recent reviews [4] elucidated the quantum-mechanical mechanism of EIT, which relies on the destructive interference between several pathways connecting the ground and excited states of the atom. This Letter presents the physics of induced transparency and reduced group velocity in a classical plasma and proposes applications to accelerators and energy compression.
Electromagnetically induced transparency (EIT) in quantum-mechanical atomic systems is a well understood and thoroughly studied [1] subject. EIT is the basis of several applications, such as slow light [2] and information transfer between matter and light [3] . Several recent reviews [4] elucidated the quantum-mechanical mechanism of EIT, which relies on the destructive interference between several pathways connecting the ground and excited states of the atom. This Letter presents the physics of induced transparency and reduced group velocity in a classical plasma and proposes applications to accelerators and energy compression.
We consider an externally magnetized plasma withB B B 0ẽ e z and density n 0 . A right-hand polarized electromagnetic wave (probe) at a frequency ! 1 equal to cyclotron frequency 0 eB 0 =mc cannot propagate in the plasma because it undergoes resonant cyclotron absorption [5] . The cold magnetized plasma dispersion relation ! 1 vs k 1 for the right-hand polarized probe, plotted in Fig. 1 , is given by
Transparency is achieved by adding a second intense electromagnetic wave (pump) with frequency ! 0 0 ÿ ! p . Moreover, if ! p 0 , a magnetostatic undulator makes plasma transparent.
The mechanism of classical electromagnetically induced transparency is the destructive interference between the electric field of the probe (Ẽ E 1? ) and the sidebands of the electric (Ẽ E 0? ) and magnetic (B B 0? ) fields of the pump. The sidebands are detuned from the pump by ! p , and are produced by the collective electron plasma oscillation along the magnetic field. Qualitatively, the total force at the cyclotron frequency experienced by a plasma electron is given byF
where z is the electron displacement in the plasma wave. With the probe alone, the resonantẼ E 1? generates an induced plasma current that dominates the displacement current and prevents wave propagation. With both the pump and probe, and the amplitudes and phases of the electromagnetic and plasma waves properly correlated, the net force can vanish (F F tot 0). Consequently, the plasma current at the cyclotron frequency is small (or even vanishing), and the probe propagates as if in vacuum. Numerical simulation below demonstrates that this correlation is naturally achieved in a collisionless plasma. We assume two right-hand polarized EM waves propagating along the z direction, with their electric and magnetic fields given by 2eẼ E 0? =mc! 0 a pumpẽ e expi 0 c:c:, 2eẼ E 1? =mc! 1 a probeẽ e expi 1 c:c:, andB B 0;1? 
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, whereẽ e ẽ e x iẽ e y , and 0;1 k 0;1 z ÿ ! 0;1 t. The nonrelativistic equation of motion of a plasma electron in the combined fields of the electromagnetic and plasma waves is given by
wherex x z 0 z ẽ e z x x ? andṽ v dx x=dt c are the particle position and velocity. The initial conditions arẽ v v 0 andx x z 0ẽ e z . Equation (1) was integrated first with only the probe, and then with both the pump and the probe. The pump and the probe amplitudes were turned on according to
Simulation results for ! p = 0 0:3 (! 0 0:7 0 ) are shown in Fig. 2 . Without the pump, an electron is resonantly driven by the probe as shown in Fig. 2(a) . In the plasma, this growth leads to a large electron current and probe absorption (time averaged,Ẽ E ? ṽ v ? < 0 at the cyclotron resonance, ! 1 0 ). Adding a strong pump with a 0 0:1 and k 0 0:83 0 =c dramatically changes electron motion, as seen in Fig. 2(b) . After turning on of the pump (but not the probe), an electron oscillates in the field of the pump according to the analytic solution x0 ! 0 a pump =! 0 ÿ 0 sink 0 z 0 ÿ ! 0 t. Switching on the probe does not significantly alter electron motion: x ÿ x0 appears as a barely visible dashed line in Fig. 2(b) . Figures 2(a) and 2(b) illustrate how the pump suppresses electron response at the cyclotron frequency. This suppression results in the plasma transparency at the cyclotron frequency and allows the propagation of the probe.
The suppression of the linear response to the probe is caused by the excitation of a strong plasma oscillation [shown in Fig. 2(c) ], which produces a sideband of the pump at the cyclotron frequency. This sideband, in turn, cancels the electric field of the probe. An approximate analytic formula for the steady-state plasma oscillation,
is derived below by requiring that the sideband cancels the probe. It is in good agreement with the simulation, as seen in Fig. 2(c) , where the dashed line shows the difference between the analytic and simulated motion. Simulation results demonstrate the stability and accessibility of the steady-state values of x and z in a collisionless plasma. Note that the pump has to be switched on prior to the arrival of the probe.
Generating a high-power pump wave may prove challenging in practice. For example, a dimensionless vector potential of a 0 0:01 over an area A 2c=! 0 2 requires microwave power of the order of 3 MW. Transparency can also be induced by a helical undulator field if ! p 0 . We simulated electron motion in the combined field of an undulator, with a 0 0:1 and k 0 2 0 =c, and a probe, switched on according to a probe 0:5a 1 f1 tanh 0 t ÿ 320=60g, where a 1 0:01. Suppression of the electron response at the cyclotron frequency is apparent from Fig. 3(a) . The force due to the electric field of the probe is canceled by the _ z =cẽ e z B B 0? force, which is exerted on a longitudinal plasma wave by the helical magnetic field of the undulator. The plasma wave in this example can be used for acceleration of relativistic electrons because its phase velocity is v ph
The steady-state values of ÿ x ÿ i y and z can be analytically obtained by a straightforward linearization of Eq. (1) in the weak probe, a 1 a 0 , limit:
Introducing 0;1 k 0;1 z 0 ÿ ! 0;1 t and assuming that k 0;1 z < 1, the exponentials in Eq. (4) are expanded, yielding
The longitudinal equation of motion is given by
Unlike the transverse velocity which is excited directly by each of the two lasers according to Eq. (5), plasma waves are excited only in the presence of two lasers (including the possibility of one having zero frequency) via the beatwave mechanisms. The physical reason for the plasma transparency is the strong coupling between the longitudinal and transverse degrees of freedom of the electrons. The steady-state solution of Eq. (6), z 0:5 expikz ÿ !t c:c:, where ! ! 1 ÿ ! 0 and k k 1 ÿ k 0 , is substituted into the transverse equation of motion (5) . Retaining terms with expÿi! 0 t and expÿi! 1 t dependence results in
Equation (7) yields the steady-state amplitude of the plasma wave given by Eq. (3) for ! 1 0 and ! ! p . The general case of ! 1 Þ 0 is handled by inserting and ÿ into Eq. (6):
Equation (8) is then solved for . Substitution of this expression for into Eq. (7) yields the steady-state perpendicular velocity:
where we have neglected terms proportional to the product of the laser detuning from resonance, ! 1 ÿ 0 , and the pump intensity a 
The expression for b can now be used to calculate the current in the plasma that is synchronous with the probe field. The desired dispersion relation for induced transparency in a magnetized plasma is derived from the wave equation for the probe,
where it was assumed that the frequency of the pump is fixed at
2 ) is achieved at ! 1 0 ÿ 0 , where 0 2! 0 2 R =! p 0 0 =k 0 c ÿ 1. Note that this frequency shift is, in general, very small in the most interesting regime of R ! p : j 0 j < 4 2 R =! p R , and can be even smaller near cyclotron resonance when the pump and probe copropagate. Equation (10) reduces to the dispersion relation for a single probe in a magnetized plasma when the detuning is large, 2 2 R . Note that the index of refraction is not identically equal to unity at the cyclotron resonance. This is different from the quantum-mechanical result for a three-level system [6] , where ! 1 k 1 c on resonance. We speculate that this difference occurs because of multiple Landau levels 
